We investigate the possibility of a fourth sequential generation in the lepton sector. Assuming neutrinos to be Majorana particles and starting from a recent -albeit weak -hint for a nonzero admixture of a fourth generation neutrino from fits to weak lepton and meson decays, we discuss constraints from neutrinoless double beta decay, radiative lepton decay, and like-sign dilepton production at hadron colliders. Also, an idea for fourth generation neutrino mass model building is briefly outlined. Here we soften the large hierarchy of the neutrino masses within an extradimensional model that locates each generation on different lepton number violating branes without large hierarchies.
• The SM4 can lead to a sizable enhancement of the measure of CP violation [21, 22] and therefore help to solve the problem of baryogenesis. In addition, the strength of the phase transition might also be increased [23] [24] [25] .
• If problems with arising Landau poles can be cured, the SM4 might also help to achieve a unification of couplings [26] .
• Large Yukawa couplings might lead to new, interesting, strong dynamic effects [27, 28] including also dynamical symmetry breaking [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] .
• Despite the enormous success of the CabibboKobayashi-Maskawa picture [42, 43] , the assumption that both B d and B s mixing are described by the SM3 alone is excluded by 3.8 standard deviations [44] . Some of these problems in flavor physics might be cured by the SM4; see [45] [46] [47] [48] [49] [50] for some recent work and e.g. [51, 52] for some early work * Electronic address: alexander.lenz@cern.ch † Electronic address: heinrich.paes@uni-dortmund.de ‡ Electronic address: dario.schalla@tu-dortmund.de on fourth generation effects on flavor physics. This topic gained a lot of interest recently due to the measurement of the dimuon asymmetry from the D0 Collaboration [53, 54] which was a factor of 42 larger than the SM3 result [55, 56] -with a statistical significance of 3.2 standard deviations. The SM4 can also enhance the dimuon asymmetry considerably, albeit not by a factor of 42.
Besides all these promising facts there is one property of the SM4 which is typically considered to be very : the masses of the neutrinos of the first three families are below O(1 eV), while the mass of the fourth neutrino has to be above O(100 GeV). In this work we try to shed some light on this gap of at least 11 orders of magnitude.
The particle content of the SM4 model is as follows:
1st family :
, e − R , ν e,R 2nd family :
4th family :
Recent work in the leptonic sector can be found in [57] [58] [59] [60] [61] [62] [63] [64] [65] .
The Dirac mass of the ith generation neutrino is denoted by m Di , while the Majorana mass is denoted by M Ri . The light neutrino mass eigenstate is m i , and the heavy mass eigenstate is M i . We use the following experimental bounds from direct searches [66] :
These mass bounds depend on the type of neutrino (Dirac or Majorana) and whether one considers a coupling of the heavy neutrino to e − , µ − , or τ − . An investigation [10] of the oblique electroweak parameters [67, 68] gives
As the light neutrino mass eigenvalues are bounded from above by the Dirac masses -at least in a typical seesaw model -this provides a bound on the Dirac-type mass m D4 as well. Assuming perturbativity of the fourth generation neutrino Yukawa couplings, the Dirac-type neutrino mass is approximately constrained to the interval 45 GeV ≤ m D4 ≤ 1000 GeV (4) where the lower bound arises from the invisible Z decay width that fixes the number of neutrino generations to three for neutrino masses less than half the mass of the Z boson [69] . Finally, a recent partial Pontecorvo-Maki-NakagawaSakata (PMNS) fit to a set of experimental data in the SM 4 framework has provided a hint for a nonzero admixture of a fourth generation neutrino (2σ limits), resulting in a PMNS matrix [70] . Note that these bounds have changed due to new experimental data since the original publication [70] . In particular, the matrix element U e4 is now compatible with zero at the 2σ level [71] . The central value is at U e4 = 0.044 with 0.015 < U e4 < 0.060 at the 1σ level. This article studies implications of a nonvanishing matrix element in terms of order of magnitude estimations. As these new bounds are not published, we use the results of [70] as given in Eq. In principle, a fourth generation neutrino can induce radiative contributions to the light neutrino mass eigenstates which may exceed the neutrino mass bounds obtained from cosmology, Tritium beta decay and neutrinoless double beta decay. At present, the cosmological bound on the two-loop contributions gives a more stringent bound than the bound from neutrinoless double beta decay discussed here. However, as cosmological bounds suffer from large systematic uncertainties, we restrict ourselves here to the discussion of neutrinoless double beta decay. For a discussion of fourth generation induced loop effects on light neutrinos, we refer to [72, 73] and the recent papers [65, 74] . However, the findings of this article in the context of neutrinoless double beta decay remain valid on their own.
II. NEUTRINOLESS DOUBLE BETA DECAY
The most sensitive probe for neutrino Majorana masses is generally neutrinoless double beta decay (0νββ). 0νββ decay can be realized by the exchange of a Majorana neutrino (see Fig. 1 ). In the presence of additional heavy neutrino states the usual effective Majorana mass m ν has to be complemented by an effective heavy neutrino mass m N −1 : 
where the C mm factors include phase space factors and nuclear matrix elements [76, 77] and m p (m e ) is the proton (electron) mass. Considering only the heavy neutrino contribution and using the PMNS matrix given in Eq. (5), one obtains stringent bounds on the allowed mass range from the current experimental lower half-life bound
The allowed region is shown in Fig. 2 . This leads to the following mass bounds for a single fourth generation Majorana neutrino
which are far above the perturbativity constraint of Eq. (4).
Relative phases between light and heavy contributions, introduced by
may cancel each other and thus loosen this bound. The most effective cancellation is possible if the light neutrinos are quasidegenerate with masses at the upper bound consistent with the large scale structure of the Universe [79] ,
With this assumption and using mass splittings obtained from neutrino oscillation analyses [80] , the mass region of the heavy neutrino can be lowered compared to Eqs. (8) and (9),
for U min e4
(U max e4 ), respectively, which remains several orders of magnitude above the desired range (4).
In principle there are three different ways to save the possibility of a heavy fourth generation neutrino:
1. neutrinos are Dirac particles and therefore 0νββ is forbidden, which would come at the cost of seesaw neutrino mass suppression and leptogenesis as a successful way to generate the baryon asymmetry of the Universe;
2. some other physics beyond the standard model is involved and cancels the heavy neutrino contribution, which would require fine-tuning;
3. the fourth generation neutrinos are pseudo-Dirac particles.
In the following, we will focus on the latter alternative, which may provide useful guidance for future model building. Pseudo-Dirac neutrinos arise when the Majorana mass is small compared to the Dirac mass. The two resulting mass eigenstates (m 4 , M 4 ) are nearly degenerate with tiny mass splitting δm, and the active and sterile components exhibit practically maximal mixing: Because of their opposite creation phases, the contributions of the two individual fourth generation neutrinos to 0νββ cancel each other and only the arbitrary small mass difference contributes to the effective mass. This has already been introduced as a mechanism to hide light neutrinos in 0νββ [81] . We use this idea to hide a fourth generation Majorana neutrino with a mass of the order of the electroweak scale. The 0νββ half-life of a heavy pseudo-Dirac neutrino reads
Hence the maximal allowed mass splitting
has to be small enough to compensate the large contribution of each individual neutrino. The required maximal mass splittings are shown in Fig. 3 .
The limits for U min e4
imply δm ≤ 107 MeV(56 GeV) for m 4 = 45 GeV(1000 GeV), respectively.
The ratio of the mass difference and absolute mass scale δm/m 4 is thus of the order of 10 −3 − 10 −2 .
III. RADIATIVE LEPTON DECAYS
The analysis on neutrino mixing carried out in [70] is dominated by the radiative lepton flavor violating decays of charged leptons.
The processes (see Fig. 4 ) and their experimental bounds [82, 83] are In general, the amplitudes are given by [84] T
where, defining (21) with
Thus the decay width can be written as (23) with F ef f (x α ) = F (x α ) − F (0) due to the unitarity cancellation α U ℓα U ℓ ′ α of the constant term.
Here we shortly reconsider the bound for the case of pseudo-Dirac neutrinos with masses in the 100 GeV range.
It is easy to see that the analysis holds for a pseudoDirac neutrino as well. As the fourth generation active and sterile states mix maximally and the masses are close to degenerate, F (x) does not change considerably compared to the pure Dirac case. As can be seen from Fig. 5 , the decay rate is suppressed by the tiny masses for the first three generations, while the contribution of a fourth heavy generation has to be suppressed due to small mixing.
In the analysis of [70] the neutrino mass was fixed to 45 GeV. While a mass dependent study is encouraged, the conclusions of this work will remain unchanged, as the size of the allowed region is anticipated to vary only slightly for different neutrino masses. As it is obvious from (23), only the product |U ℓα U ℓ ′ α | 2 is constrained, not one of the individual quantities alone. Since no lower bound on U µ4 exists, larger masses m 4 corresponding to larger rates for µ → eγ do not result in a more stringent bound on U e4 (see Figs. 5 and 6 ).
The decays of the τ lepton do not provide further information as the experimental constraints in this channel are much weaker. 
IV. LIKE-SIGN DILEPTON PRODUCTION
Finally, a process very similar to 0νββ is the production of two charged leptons of the same charge at hadron colliders:
As shown in Fig. 7 , a heavy Majorana neutrino exchange drives the process whose cross section is [85] :
where F (E, m 4 ) is a function of beam energy and neutrino mass. To describe the exchange of a pseudo-Dirac
Feynman diagrams of like-sign dilepton production neutrino, the cross section has to be modified to include the contributions of the two almost degenerate mass eigenstates in the neutrino propagator. In contrast to 0νββ where the typical momentum of the neutrino is given by the average nuclear momentum which is smaller than m 4 , resulting in the inverse mass dependence of Eq. (15), the momentum at hadron colliders exceeds m 4 , leading to a neutrino propagator proportional to the neutrino mass. This was also shown in the relevant subprocess W + W + → ℓ + ℓ ′+ [86] that is included in Eq. (25) . To obtain the cross section σ for a pseudoDirac neutrino, we now have to introduce the correction factor ∆ pD defined by
Obviously, by comparison of the propagators, this factor is given by
Here the mass splitting δm follows from the 0νββ constraint and results in a suppression of the mass dependent cross section. For example, the unsuppressed dielectron production cross section shown in Fig. 8 is several orders of magnitude larger than the suppressed cross section of a pseudo-Dirac neutrino fulfilling the 0νββ constraints shown in Fig. 9 . The cross section depends on the flavors of the ℓ i leptons via the factor
The unsuppressed cross section shown in Fig. 10 is reduced by this factor. The upper bounds of this factor for Table I . The cross section (25) neglects charged lepton mass effects, but as √ s = 7 TeV ≫ m l4 it is also applicable to fourth generation charged lepton production providing a reasonable upper bound of the cross section. It is obvious that will decay predominantly into the fourth generation charged leptons. As the fourth generation neutrino mixing to the muon has the smallest upper bound, this channel has the smallest upper bound on the cross section. However, all resulting cross sections are far too small to be observed at the expected LHC luminosities.
V. MASS MODEL
An argument often given against a fourth fermion generation is the large mass hierarchy between the first three (28) . To obtain the cross section for specific flavors of the final state leptons, the curve has to be scaled according to the factors given in Table I . The lines show the upper bound on the two extreme channels l4l4 and µµ. generations and the fourth generation, in particular, in the neutrino sector. The large scale structure of the Universe implies sub-eV masses for the known light neutrinos, whereas the electroweak observables call for a fourth generation neutrino mass eigenstate of several hundreds GeV, thus creating a tension of about 12 orders of magnitude. The simplest way to account for small neutrino masses arises from the Lagrangian,
where m D is the Dirac mass matrix and M R the Majorana mass matrix. For a single generation i the resulting mass eigenstates are
The Dirac mass is given by the Yukawa coupling y i as 
Then, again, for the fourth generation pseudo-Dirac neutrino the Majorana mass M R4 is constrained to roughly the MeV scale (see Fig. 3 ):
Thus, to satisfy all neutrino generations one has to introduce large hierarchies of either the Yukawa couplings or the Majorana masses. As the Majorana masses are not affected by electroweak symmetry breaking, it is more natural to assume the generation of the hierarchy in this sector rather than in the Yukawa sector.
The hierarchy reaches from MeV scale of the fourth generation up to the grand unification scale (∼ 10
16 GeV) needed for the light neutrinos when assuming similar Yukawa couplings for all generations.
This hierarchy can be considerably softened in the context of extra spatial dimensions. It is known that approximate symmetries on our SM brane can be broken at a different brane located at some distance in the extra dimension y [87] . Also, lepton number violation (LNV) can be maximally broken at a scale Λ LN V on a LNV brane in the extra dimension. Following the scenario as described in [88] , the information of this breaking is transmitted by a bulk field χ that decreases exponentially as the distance to the LNV brane rises: (34) where m is the mass of the messenger field and r its distance to the LNV brane.
We now locate the right-handed neutrino of each generation on a different brane along the extra dimension. The overlap of the neutrino wave function and the messenger field is different for each generation such that each generation sees a different amount of LNV. This setup is sketched in Fig. 11 .
The information of LNV is given by the Majorana mass terms of the four neutrino generations, and thus an exponential ansatz for the Majorana masses along the extra dimension is chosen:
where y is the axis along the extra dimension. The effective Majorana mass for the neutrino of generation i is We choose the Yukawa couplings y i equally distributed for each generation,
with y 4 = 1. The Majorana masses are then constrained by neutrino oscillation data (∆m 
The localizations of the neutrino branes are listed in Table II The positions of the neutrino branes soften the hierarchy of the neutrino masses in a significant way. Thus, in an extradimensional framework the huge gap between the first three and the fourth generation is considerably smaller.
VI. SUMMARY
We have revisited bounds on additional Majorana neutrinos with the assumption of finite mixing to the electron neutrino, in order to provide a useful guide for fourth generation neutrino model building. We have shown that a fourth generation Majorana neutrino is not yet excluded if it has a mass of several hundred GeV and the Majorana states pair up to form a pseudo-Dirac state. The mixing of such a neutrino is dominantly constrained by the radiative decay of the muon. Because of the pseudo-Dirac nature, lepton number violating processes like like-sign dilepton production turn out to be strongly suppressed. Besides being potentially observable in next generation 0νββ experiments, the pseudo-Dirac neutrinos could be directly produced at the LHC, as discussed in [89] . In this paper a 5 σ discovery reach for heavy neutrino masses up to 100 GeV was advocated with 30 fb −1 . While for larger masses the production cross section would decrease, new decay channels open up once the heavy neutrino mass exceeds the Higgs mass, which would require a detailed simulation. Finally we have shown that the large mass hierarchy can be softened within extradimensional models.
